ABSTRACT The population dynamics of a Þre ant (Solenopsis invicta Buren) parasitoid (Pseudacteon tricuspis Borgmeier) was studied in Louisiana. The objectives of this study were to understand the daily and seasonal population dynamics of P. tricuspis in the context of environmental variables, determine whether P. tricuspis populations were synchronized over local and regional scales, determine the sex ratios and frequency distributions of P. tricuspis at disturbed S. invicta mounds, and determine the minimum sample size and sampling methodology that would provide an estimate of the true relative abundance of P. tricuspis at any location. Daily patterns of relative abundance of P. tricuspis followed a quadratic pattern, with peak ßy activity during the afternoon. Seasonally, P. tricuspis relative abundance was variable but tended to positively ßuctuate with soil moisture levels. Peak seasonal population abundance occurred during the late summer and fall, whereas population abundance was lowest during the late winter and early spring. Population dynamics of P. tricuspis were found to be synchronized at local and regional scales. Sampling protocols were derived for sampling P. tricuspis populations in Louisiana to account for local spatial heterogeneity in relative population abundance. To obtain an estimate of the true relative population abundance of P. tricuspis, at least 15 S. invicta mounds should be sampled, preferably allocated in groups to different areas at a location to account for spatial population heterogeneity. Phorid ßy sampling should be conducted during the afternoons during the summer and fall, when ßy abundance is highest.
Introductions of non-native organisms for long-term biological control (or biocontrol) of exotic insects and weeds (i.e., classical biological control) have been ongoing for Ͼ100 yr (Greathead 1986, Godfray and Waage 1991) . In addition to performance evaluations of introduced biocontrol agents (i.e., assessing impacts on target pests), a crucial aspect of biocontrol programs should be the study of how populations of introduced biocontrol organisms behave in their new environments. Therefore, obtaining information on daily and seasonal activity patterns of these introduced organisms and, if possible, relating these patterns to environmental correlates should be a major thrust of biocontrol programs.
The red imported Þre ant, Solenopsis invicta Buren, is an invasive exotic insect in the southeastern United States and is regarded as a signiÞcant pest in this region (Lofgren 1986 , Porter et al. 1992 . Consequently, several species of Þre ant parasitoids from the Dipteran family Phoridae have been imported to the United States from the indigenous range of S. invicta in South America for biocontrol of S. invicta. One promising attribute of this effort stems from the potentially signiÞcant role that these parasitoids play in maintaining lower abundance of S. invicta in South America (Porter et al. 1997) . Phorid ßies of the genus Pseudacteon Coquillet affect Solenopsis foraging behavior, and research has primarily focused on how parasitic phorid ßies mediate competitive interactions between various ant species (Feener 1981; Feener and Brown 1992; Folgarait and Gilbert 1999; Orr et al. 1995 Orr et al. , 2003 . Studies showed that Solenopsis foraging activity is reduced or terminated in response to attacks by Pseudacteon ßies Brown 1992, Orr et al. 1995) . Therefore, reuniting S. invicta with several species of its native Pseudacteon parasitoids may reverse the current ecological dominance of S. invicta in the United States (Porter 1998) .
The Þrst species of Pseudacteon considered for S. invicta biocontrol in the United States was P. tricuspis Borgmeier. This species was released in Texas during 1995 (Gilbert 1996) and Florida during 1997 and is currently established in much of the southeastern United States (Porter et al. 2004) , including Louisiana (Henne et al. 2007 ). These parasitoids detect ant semiochemicals as cues to locate their hosts (Porter 1998) . For example, P. tricuspis are at-tracted to alarm pheromones emitted by S. invicta during mound disturbances and intra-and interspeciÞc encounters (Morrison and King 2004) . Larvae of these ßies decapitate their hosts and make use of the empty head capsule as a pupariation compartment .
Phorid ßy population dynamics are not well understood (Disney 1994 , Morrison 2000 , and very little information exists concerning the spatial and temporal dynamics of various Pseudacteon spp. (Disney 1994) . Like most Phoridae, fundamental information about P. tricuspis population ecology remains unknown or is inadequate, particularly under climatic conditions unique to the southern United States, including Louisiana. Additionally, phorid population sampling methodology is in need of reÞnement. Nearly 20 species of Pseudacteon are known to attack S. invicta in South America (Porter and Pesquero 2001) , and 4 species of Pseudacteon have already been imported and released in the United States: P. tricuspis (Graham et al. 2001) , P. curvatus Borgmeier (Graham et al. 2003) , P. litoralis Borgmeier (Porter and Alonso 1999) , and P. obtusus Borgmeier (Gilbert et al. 2008) . Several other species are currently under evaluation for possible release in the United States in the foreseeable future (e.g., P. borgmeieri Schmitz, Folgarait et al. 2002a; P. cultellatus Borgmeier, Folgarait et al. 2002b; and P. nocens Borgmeier, Folgarait et al. 2006) . Studying the population dynamics of P. tricuspis in Louisiana will not only be a contribution to our knowledge about the natural history of phorid ßies, but the methodology and results may be useful in evaluating the population dynamics of other species of introduced parasitic phorids.
Here, we addressed the following objectives to enhance our understanding of Pseudacteon population dynamics, particularly in Louisiana, by supplementing previous studies on Pseudacteon spp. in the United States by Morrison et al. (1999b) in Texas and Morrison and Porter (2005a) in Florida: (1) determine the daily activity pattern of P. tricuspis and relate these patterns to various abiotic variables; (2) determine the dynamic behavior of P. tricuspis populations over several years; (3) determine whether population dynamics are synchronized over small and large spatial scales; (4) determine whether daily and seasonal population abundances are correlated with various abiotic variables; (5) determine the sex ratios and frequency distributions of P. tricuspis that appear at disturbed S. invicta mounds; and (6) determine the minimum sample size and sampling methodology that will provide an estimate of the true relative population abundance of P. tricuspis at a location.
Materials and Methods
Daily and Seasonal Survey Sample Locations. The developmental rate of P. tricuspis from egg to adult is Ϸ33 d at 30ЊC (Morrison et al. 1997) . Therefore, multivoltinism of P. tricuspis is likely in Louisiana and elsewhere in the southern United States. Consequently, P. tricuspis daily activity patterns and relative abundance (i.e., the number of adult P. tricuspis appearing at disturbed Þre ant mounds) was evaluated at approximately monthly intervals from June through October 2004 and January through November 2005 at two sites in southeast Louisiana, separated by Ϸ100 km. The Þrst study site (30Њ59Ј05Љ N; 91Њ00Ј46Ј W), located 9 km east of Norwood (East Feliciana Parish), was characterized as unmaintained pasture with predominantly monogyne S. invicta, Ϸ20 Ð30 ha in size, and surrounded by mature hardwood trees along its border. The second study site (30Њ32Ј33Љ N; 90Њ02Ј50Љ W), located 9 km northeast of Covington (St. Tammany Parish), was characterized as a horse-training facility, with Ϸ2.6 ha of unmaintained pasture and included two large (Ϸ0.5 ha) ponds. This study site contained a mosaic of monogyne and polygyne S. invicta colonies. Whenever possible, both sites were sampled within a few days of one another.
2004 -2005 Surveys and Sampling Methodology. Three 0.5-ha plots were permanently established at each site to obtain variance estimates of P. tricuspis relative abundance (i.e., no. P. tricuspis/mound) and evaluate spatial correlations in abundance (Fig. 1) . Morrison et al. (1999b) determined that Pseudacteon parasitoids of S. geminata (F.) near Austin, TX, were attracted to S. geminata colonies at distances of Ͻ50 m. It is unknown whether P. tricuspis are similarly attracted from these distances. Nevertheless, plots were separated by at least 50 Ð100 m to minimize effects of sampling S. invicta mounds on P. tricuspis populations in adjacent plots. At hourly intervals, between 0900 and 1600 hours Central Standard Time (CST), Þve S. invicta mounds were haphazardly selected in a subsection of each plot and marked with a wire stake ßag. Hourly surveys were conducted in a diagonal pattern (Fig. 1 ) so that consecutive surveys were conducted as far apart as possible. However, the Þve randomly disturbed mounds were usually Ͼ10 m apart and were disturbed within a short period of time (1Ð2 min.). Occasionally, surveys were curtailed because of inclement weather. Williams et al. (1973) determined that a signiÞ-cantly greater number of phorids appear at disturbed mounds than at undisturbed mounds, and disturbing S. invicta mounds has been the conventional method of attracting and quantifying P. tricuspis populations in Louisiana since 1999 (Henne et al. 2007 , but see Puckett et al. 2007 ). Therefore, a circular depression (Ϸ15 cm diameter) was made in S. invicta mounds using a small spade. Wire stakeÐpierced Styrofoam discs (30 cm diameter) were used to shade disturbed Þre ant mounds from the sun to prevent overheating and to maintain Þre ant activity at the soil surface. All mounds were vigorously disturbed for at least 10 s, and 5 min was allowed to elapse before counts of P. tricuspis were made. Two-minute observation time was allocated to each mound, and ßy counts at all mounds were made during 15-min periods so that all three plots could be sampled on an hourly basis. Population surveys were conducted only when air temperatures exceeded 20ЊC, because this temperature is considered a threshold temperature for Pseudacteon activity (Morrison et al. 1999b) .
Before hourly surveys began, soil moisture at 10 cm depth in one plot was measured with a Lincoln soil moisture meter (Part 3052; Forestry Suppliers, Jackson, MS), which ranks soil moisture on a scale of 1Ð10 (1 ϭ driest, 10 ϭ wettest). Ten measurements were made at 5-m intervals along a transect running from the corner toward the center of one plot. The average of these values was used in statistical analyses (see Morrison et al. 2000) . Readings were taken at approximately the same locations during each survey. To obtain an estimate of soil percent moisture, three soil samples, each Ϸ15 by 15 by 10 cm, were excavated with a shovel from random areas within one plot, placed in individual plastic bags, and returned to the laboratory, where vegetation was carefully removed, and the soil samples were dried in a desiccating oven for 1 wk at 70ЊC, and dry weights were taken. Rainfall data were recorded with an HOBO event recorder w/rainwise 1/100-in self-emptying rain gauge (GemplerÕs item G77651, Madison, WI). Long-term hourly temperature and relative humidity data were recorded with HOBO H8 Pro Series RH/Temp data loggers (Part H08-032-08; Onset Computer, Pocasset, MA).
At the beginning of each sample period, the following variables were recorded with a handheld digital weather instrument (Speedtech Instruments Skymate Plus Wind Meter SM-19; Forestry Suppliers): air temperature, relative humidity, and dewpoints at 30 cm above ground in the shade (see Morrison et al. 2000) , and wind speed and direction averaged over a 10-s period at 1.5 m above ground. Barometric pressure was recorded with a Brunton ADC Summit weather meter (Part 89225; Forestry Suppliers). Maximum light intensity (lux) during a 20-s period was recorded with a light meter (Extech light meter; Forestry Suppliers). Soil temperature at 2 cm soil depth was recorded at the same location over time with a temperature probe (Part 89102; Forestry Suppliers). Soil temperatures at this depth are correlated with S. invicta foraging activity (see Porter and Tschinkel 1987) and were used as a proxy for ant activity because of time constraints.
2006 Surveys. The 2006 surveys were conducted on three occasions (June, July, and September) at the Norwood and Covington locations described above and on two occasions (June and October) at multiple locations (n ϭ 8) within Washington Parish, LA. During each Norwood and Covington survey, at least 30Ð45 S. invicta mounds were randomly sampled and disturbed over a 3-to 4-h period during the late morning and early afternoon. Similarly, 10 mounds were randomly sampled at each of eight locations (n ϭ 80 mounds) within Washington Parish. All P. tricuspis that appeared at disturbed mounds were captured into individual 2-dram glass vials with an Allen-type double chamber vial aspirator (1135C; BioQuip, Rancho Dominguez, CA), labeled, and returned to the laboratory for sex determination. For each sampling occasion, the percentages of mounds that attracted the numbers of the following were calculated: ßies, males, females, males alone, females alone, and males and females together.
Statistical Analyses
Daily Activity Patterns. To determine whether temporal ßy abundances were correlated with measured environmental variables, hourly ßy counts of the Norwood and Covington populations during 2004 and 2005 were log 10 n ϩ 1-transformed (where n is the total hourly number of P. tricuspis) and regressed against the following variables: dewpoint, air, soil surface and 2 cm depth temperature (ЊC), relative humidity (%), light intensity (lux), air pressure (kPa), average wind speed (km/h), and time of day (CST). The sequential Bonferroni technique (see Rice 1989 ) was used to correct for multiple comparisons of individual linear regressions. Adding 1 to ßy counts was necessary to allow for log 10 -transformation of zero values. Linear and quadratic functions were Þtted and compared using the extra sum-of-squares F-test in Prism 4.03 (GraphPad Software, San Diego, CA). To account for changing photoperiod throughout the year, hourly sample times were also standardized according to the number hours elapsed since sunrise (see Pesquero et al. 1996) and were determined for each sample location using the U.S. Naval observatory data service at http://aa.usno.navy.mil/.
Population Dynamics. Populations of organisms are known to have synchronous population dynamics at several spatial levels (Moran 1953 , Ranta et al. 1995 . To determine whether phorid populations in the three study site plots ßuctuated synchronously and also if the Norwood and Covington populations ßuctuated synchronously over time during 2004 and 2005, the total numbers of P. tricuspis observed during each survey in each of the three plots were log 10 n ϩ 1-transformed, and Pearson product-moment correlation (R) coefÞcients were computed for each pair of plots and for total population counts for each location. Additionally, R coefÞcients were computed to describe how log 10 n ϩ 1-transformed monthly total ßy counts . Finally, the total monthly Norwood and Covington population surveys from 2004 to 2005 were log 10 n ϩ 1-transformed and compared with a two-tailed t-test at a signiÞcance level of ␣ ϭ 0.05. Time Series Analysis. Analyses of population dynamics usually use time series methodology to analyze population abundance to determine the time lag on which negative feedback processes are acting, such as density dependence (Hunter and Price 1998, Benton et al. 2006) . Data consisting of observations taken over time may be autocorrelated, where the assumption of independent error terms may not be valid (Bence 1995) . Ordinary least squares procedures on autocorrelated data can lead to type 1 errors in hypothesis testing, as well as conÞdence intervals that are smaller in size than they should be (Hurlbert 1984 , Bence 1995 , Neter et al. 1996 . Here, tests for autocorrelation on P. tricuspis time series data were conducted using a Þrst-order autoregressive (AR) model, followed by a Durbin-Watson test for lag-1 autocorrelation. This model assumes positive autocorrelation (i.e., population abundance at time t depends on the population abundance at time t Ϫ 1), which decreases steadily with increasing time between observations (Bence 1995) . The Durbin-Watson test scrutinizes the difference between consecutive errors compared with the error values themselves (Sall et al. 2005) .
Time series statistical analyses were performed on the 2004 Ð2005 Norwood and Covington survey data using the time series modeling feature in S-Plus 7.0 (Insightful, Seattle, WA). Autocorrelation coefÞcients (ACFs) and partial correlation coefÞcients (PACFs) of log 10 n ϩ 1-transformed total daily ßy counts were computed and plotted for time lags 1Ð16 for both sites. The PACF has been used for diagnosing the order of an AR process (Box and Jenkins 1976, Turchin 1990 Analysis of Fly Count Frequency Distributions. Counts of many biological populations, including insects, are described by the negative binomial distribution (Anscombe 1949) . Therefore, Poisson and negative binomial distributions were Þt to the Washington Parish October 2006 P. tricuspis survey count frequency distributions using log-likelihood regression (SAS PROC GENMOD) and compared with expected frequencies using SAS PROC FREQ (SAS Institute 2002, http://www.stat.lsu.edu/faculty/moser/exst7024/ distributions/discretedata-body.html).
Sample Size. Determining sample size is an important consideration for any sampling program. It should be large enough to enable suitably precise parameter estimation but not unreasonably large (Manly 2001) . The allowable precision level in ecological research is normally 10 Ð25% (Southwood 1978) and is deÞned as D ϭ SE/x , where x is the sample mean abundance and SE is the standard error of the mean abundance (Zhou et al. 2004) . Equations to estimate sample sizes are available but normally apply to samples obtained from unit areas (i.e., absolute population estimates sensu Southwood 1978). In this study, disturbed S. invicta mounds serve as "traps" and therefore only provide an estimate of relative P. tricuspis abundance (i.e., no. of P. tricuspis/mound). To determine the minimum sample size that would provide a reasonably precise estimate of the mean population abundance and SE, the October 2006 Washington Parish P. tricuspis survey counts (n ϭ 80) were randomly subsampled using S-Plus 7.0. Data from this survey was used for this procedure because it was a large dataset obtained from a large area within a short period of time. After three outliers were removed, random samples of 5, 10, 15, 20, 25, 30 50, 77 , and 100 with replacement were taken from the truncated dataset to obtain estimates of the mean, SE, and 95% conÞdence intervals. Next, nonlinear curve Þtting of sample sizes plotted against the SE divided by the mean was performed using Prism 4.03.
Results
Daily Activity Patterns. Based on the sequential Bonferroni method, the only regression variables that were signiÞcantly correlated with ßy abundance over time (i.e., hourly surveys) at both locations were light intensity and time of day. The Norwood and Covington ßy abundance as a function of light intensity were best Þt by a straight line (Norwood light intensity: df ϭ 1,61; F ϭ 15.61; P ϭ 0.0002; y ϭ 0.37 ϩ 0.0007x; r 2 ϭ 0.20; n ϭ 63; Covington light intensity: df ϭ 1,74; F ϭ 4.52; P ϭ 0.04; y ϭ 0.65 ϩ 0.0004x; r 2 ϭ 0.06; n ϭ 76). Adding a quadratic term to the linear time of day models signiÞcantly improved the Þt (Norwood: df ϭ 1,60; F ϭ 16.16; P ϭ 0.0002; y ϭ 0.64x 2 ϩ 0.012x Ϫ 6.53; r 2 ϭ 0.25; n ϭ 63; Fig. 2A ; Covington: df ϭ 1,66; F ϭ 8.39; P ϭ 0.005; y ϭ 0.63x 2 ϩ 0.0094x Ϫ 4.93; r 2 ϭ 0.23; n ϭ 76; Fig. 2B ).
Hourly ßy abundance at both study locations generally peaked at midday (1100 Ð1300 hours CST), at approximately the time of solar maximum. The x-intercepts of the quadratic models suggest a ßy activity period lasting from Ϸ0700 to 1800 hours (CST). The Norwood hourly ßy abundance was also positively correlated with wind speed (km/h) (df ϭ 1,47; F ϭ 4.46; P ϭ 0.04; y ϭ 0.77 ϩ 0.04x; r 2 ϭ 0.09; n ϭ 63) and negatively correlated with relative humidity (%) (df ϭ 1,61; F ϭ 5.73; P ϭ 0.02; y ϭ 1.59 Ϫ 0.01x; r 2 ϭ 0.09; n ϭ 63) and dewpoint temperature (ЊC) (df ϭ 1,61; F ϭ 6.46; P ϭ 0.01; y ϭ 1.83 Ϫ 0.04x; r 2 ϭ 0.10; n ϭ 63). At Covington, ßy abundance was also negatively correlated with soil surface temperature (df ϭ 1,30; F ϭ 13.83; P ϭ 0.0008; y ϭ 54.39 Ϫ 1.007 x; r 2 ϭ 0.32; n ϭ 32).
The hourly survey data corrected for elapsed time since sunrise gave a different pattern of results. The Norwood hourly survey data were best Þt by a straight line (y ϭ 0.123x ϩ 0.212, r 2 ϭ 0.29, n ϭ 63; Fig. 2C ). Adding a quadratic term did not signiÞcantly improve the Þt (df ϭ 1,60; F ϭ 0.58; P ϭ 0.45). However, adding a quadratic term signiÞcantly improved the Þt of the Covington survey data (df ϭ 1,66; F ϭ 8.05; P ϭ 0.006; y ϭ Ϫ0.0436x 2 ϩ 0.5962x Ϫ 0.9251; R 2 ϭ 0.17; n ϭ 77; Fig. 2D ).
Seasonal Dynamics. Pseudacteon tricuspis abundance at Norwood and Covington was generally highest in the late summer and fall during both survey years (Fig. 3) . However, ßies were still active at both locations during early January 2005 but were rare or absent during February and March 2005, despite temperatures that were warm enough for ßy activity. During 2005, both populations displayed three discrete peaks in abundance: late May, late July, and late September at Norwood and late April, late June, and late September at Covington. During 2004, population abundance at both locations were not signiÞcantly correlated with soil probe readings (Norwood Pearson R ϭ Ϫ0.44, P ϭ 0.38, r 2 ϭ 0.20, n ϭ 6; Covington Pearson R ϭ Ϫ0.17, P ϭ 0.78, r 2 ϭ 0.03, n ϭ 5). In 2005, however, population abundance at both locations were signiÞcantly correlated with soil probe readings and had nearly identical R coefÞcients (Norwood [May to November]: Pearson R ϭ 0.82, P ϭ 0.04, r 2 ϭ 0.68, n ϭ 7; Covington [April to October]: Pearson R ϭ 0.83, P ϭ 0.02, r 2 ϭ 0.69, n ϭ 7). Other predictor variables were not signiÞcant.
Local and Regional Population Synchrony.
Significant Pearson product-moment correlation coefÞ-cients of temporal ßy abundance between plots were found at Norwood (plot 1 versus plot 2: Pearson R ϭ 0.88, P Ͻ 0.0001, r 2 ϭ 0.78, n ϭ 16; plot 1 versus plot 3: Pearson R ϭ 0.88, P Ͻ 0.0001, r 2 ϭ 0.77, n ϭ 16; plot 2 versus plot 3: Pearson R ϭ 0.90, P Ͻ 0.0001, r 2 ϭ 0.82, n ϭ 16) and at Covington (plot 1 versus plot 2: Pearson R ϭ 0.91, P Ͻ 0.0.0001, r 2 ϭ 0.82, n ϭ 15; plot 1 versus plot 3: Pearson R ϭ 0.85, P Ͻ 0.0001, r 2 ϭ 0.73, n ϭ 15; plot 2 versus plot 3: Pearson R ϭ 0.89, P Ͻ 0.0001, r 2 ϭ 0.78, n ϭ 15), indicating strong population synchrony at a local scale. Similarly, the Norwood and Covington populations were also highly synchronized but not as strongly as within populations (Pearson R ϭ 0.63, P ϭ 0.01, r 2 ϭ 0.39, n ϭ 15). Time Series. The Norwood P. tricuspis population time series ACF showed minimally signiÞcant autocorrelation at lag 1, indicating that the ßy population at time t is dependent on the population at time t Ϫ 1. In contrast, the Covington ACF plot showed no signiÞcant lag one autocorrelation. PACF graphs of both populations had single positive spikes at lag 1, but again, this was only signiÞcant for the Norwood ßy population (Norwood, PACF 0.53; Covington, PACF 0.44).
Soil probe readings were signiÞcantly correlated with lag 1-mo rainfall (mm) at Norwood (Pearson R ϭ 0.75, P ϭ 0.0009, r 2 ϭ 0.56, n ϭ 16) but not at Covington (Pearson R ϭ 0.07, P ϭ 0.79, r 2 ϭ 0.005, n ϭ 16). Overall, the log-transformed mean ßy populations at Norwood and Covington over the entire survey were not signiÞcantly different (mean Ϯ SE: Norwood, 1.53 Ϯ 0.18; Covington, 1.59 Ϯ 0.18; t-test, P ϭ 0.81).
Frequency Distributions, Sex Ratios, and Sample Size. Between June and November 2006, nearly 1,500 P. tricuspis adults were collected at 52% of disturbed S. invicta mounds (range: 22Ð96%, n ϭ 460; Table 1 ). When considering only mounds that attracted ßies (i.e., positive), males appeared at an average of 88% (range: 74 Ð100%, n ϭ 211) and females 67% (range: 40 Ð91%, n ϭ 160). Males alone were observed at an average of 33% of positive mounds (range: 10 Ð 60%, n ϭ 79), and females only at 14% (range, 0 Ð26%, n ϭ 29). Males and females occurred together at an average of 55% of positive mounds (range: 4 Ð91%, n ϭ 131). The overall male to female sex ratio at all locations was 1.75:1; at Covington, it was 2.5:1, at Norwood it was 1.29:1, and at pooled Washington Parish sample locations, it was 1.9:1. All October 2006 Washington Parish survey frequency distributions were Þt well by a negative binomial distribution, as evidenced by goodness-of-Þt values close to 1 (Fig. 4) . Of 80 S. invicta mounds that were disturbed, 75 attracted P. tricuspis. Males outnumbered females at 59 mounds, and females outnumbered males at only 8 mounds, whereas the other 8 had equal numbers of both sexes (Table 1) . Males appeared at 100% of mounds during the fall surveys in Washington Parish. The percentage of mounds with female appearances increased from spring to fall.
The results of subsampled October 2006 Washington Parish survey data set indicated no differences in mean no. ßies/mound when subsamples are compared (df ϭ 6,220; F ϭ 0.938; P ϭ 0.47). The plot of SE as a percentage of the mean versus sample size was Þt very well by a one phase exponential decay model (r 2 ϭ 0.99; Fig. 5 ). If an SE that is 25% of the mean is acceptable, Ϸ15 Þre ant mounds should be disturbed, and a 10% level would require slightly Ͼ50. However, at smaller sample sizes, conÞdence intervals are wider and therefore should be viewed with caution.
Discussion
Daily Activity. In south Louisiana, diurnal activity of P. tricuspis increased gradually through the morning, attaining maximum levels at midday and early afternoon, and gradually declined thereafter during the late afternoon and evening. In the laboratory, P. tricuspis emerge during the early morning hours, with many adults emerging in the dark before sunrise, and peak male emergence occurred ϳ1 or more hours before peak female emergence (unpublished data). Wuellner et al. (2002) described a similar emergence pattern for P. curvatus Borgmeier. The emergence pattern of P. tricuspis is probably entrained by photoperiod during the preceding days before eclosion. However, Wuellner and Saunders (2003) found that warmer morning temperatures resulted in Pseudacteon parasitoids of S. geminata in Texas appearing earlier in the morning. This may be attributed to faster physiological development of adults after eclosion, allowing adults to become active sooner in the day (see also Wuellner et al. 2002 , Folgarait et al. 2007a ). The linear pattern based on hours elapsed since sunrise implies that ßy abundance was greatest in the late afternoon and evening. Although this is consistent with the Þnd-ing of Folgarait et al. (2007a) that P. tricuspis were most abundant during the late afternoon and evening in western Argentina, on any given sampling day in south Louisiana, P. tricuspis abundance peaked during the early afternoon and gradually declined into the evening in a quadratic (i.e., nonlinear) pattern. Although ßy abundance was positively correlated with light intensity on most days, similar activity patterns also occurred on cloudy days and also when midday light intensity was very low (i.e., Ͻ200 lux). Although insect diurnal activity patterns tend to be correlated with daily ßuctuations in light, temperature, and other environmental variables (Disney 1994) , stepwise multiple regression procedures were not used in this study to model environmental correlates of P. tricuspis daily activity patterns. Other researchers (Pesquero et al. 1996; Morrison et al. 1999a Morrison et al. , 2000 Folgarait et al. 2003; Wuellner and Saunders 2003) have found signiÞcant positive correlations between phorid abundance and air and soil temperature and negative correlations with humidity. In our studies, however, relative humidity was also found to be inversely related to air temperature. Therefore, correlations between phorid abundance and certain environmental variables may be coincidental. The use of stepwise multiple regression techniques to explain patterns in nature and to predict future trends has been severely criticized (see Whittingham et al. 2006) . Our intentions here were to search for single predictor variables that would be useful in explaining broad patterns of ßy activity. The results, however, indicate that such variables ultimately explained little of the variation in ßy abundances (due to relatively low coefÞcients of determination). Moreover, ßy responses to these variables seem to be a complex mix of linear and nonlinear patterns. Without conducting manipulative laboratory and Þeld experiments to experimentally test the effects of these environmental variables on phorid ßy behavior, broad generalizations about environmental correlates might be misleading and should be viewed with caution. Population Dynamics. Generally, the highest and lowest ßy abundance was almost always found in the same plots and plot abundance at local and regional scales ßuctuated synchronously (i.e., the Moran effect, see Moran 1953 , Ranta et al. 1995 . Large-scale spatial synchrony in animal population dynamics seems to be a general phenomenon among animal populations (Ranta et al. 1995 , Heino et al. 1997 , including P. tricuspis populations in Louisiana that are separated by at least 100 km. Morrison and Porter (2005a) also found that abundance was positively correlated among survey sites located 8 Ð16 km apart in north-central Florida. Additionally, ßy abundance is known to be positively correlated with S. invicta density (Morrison and Porter 2005b) . Although S. invicta mound populations were not evaluated per se in our study, the plots that had higher phorid abundance also had more Þre ant mounds.
In south Louisiana, populations of P. tricuspis ßuc-tuated throughout the year but were highest during the late summer and fall and lowest during the winter and early spring. This pattern is consistent with Þnd-ings by Morrison and Porter (2005b) in north-central Florida. Folgarait et al. (2003) studied the seasonal activity patterns of adult Pseudacteon spp. that attack S. richteri Forel in Argentina and determined that P. tricuspis was associated with certain months, mainly those in the fall, with greater rainfall and fewest days with frosts. Pseudacteon tricuspis is active in all months of the year in north-central Florida (Porter et al. 2004, Morrison and Porter 2005a) . In south Louisiana, however, P. tricuspis were rare or absent at both survey locations during February and March 2005. It is unknown why adults were difÞcult to collect during the late winter, even though ambient temperatures were warm (Ͼ25ЊC). However, the soil temperatures at 2 cm depth were only 18 Ð20ЊC from January through March 2005 at Norwood and during January and February 2005 at Covington. Cool soil temperatures during the winter may have slowed development of phorid pupae, or they were in diapause. Folgarait et al. (2007a) discussed the possibility of pupal diapause in Pseudacteon in Argentina. Morrison et al. (1999b Morrison et al. ( , 2000 studied the phenology of Pseudacteon parasitoids of S. geminata in central Texas and determined that phorid abundance varied seasonally and were attributed to rainfall patterns. Morrison et al. (2000) also determined that soil moisture levels were often a good predictor of phorid abundance. Similarly, seasonal dynamics of P. tricuspis in the two south Louisiana study sites were signiÞ-cantly correlated with soil moisture readings at 10-cm pose that these peaks in abundance may be linked to S. invicta alate ßights. Alate ßight events in S. invicta are triggered by rainfall Ͼ5 mm after a period of dry weather (Markin et al. 1971 , Morrill 1974 . Populations of P. tricuspis in Brazil peak during the spring, in accordance with Þre ant mating ßights . During alate ßights, S. invicta workers swarm over the surface of the mound and adjacent vegetation in a heightened state of alarm (Markin et al. 1971 ), presumably to attack potential predators of alate reproductives as they leave the nest. In South America, Pseudacteon phorids, including P. tricuspis, have been observed attacking Þre ants swarming over mound surfaces during alate ßight events (Pesquero et al. 1993) . In this scenario, many S. invicta workers would be vulnerable to attack by searching P. tricuspis females during alate ßight events. Hypothetically, the population dynamics of P. tricuspis may be driven in a density-dependent manner in response to a greater availability of S. invicta workers during area wide alate ßight events that occur after a rainfall. This factor could partially explain the synchrony in population dynamics of P. tricuspis in adjacent plots and in widely separated populations. Morrison et al. (2000) discussed the importance of environmental variables on the development of Pseudacteon parasitoids and their population dynamics. Phorid abundance during any sampling period will be a function of environmental variables from some previous time, the effect of these environmental variables on adults of the previous generation, and the durations of larval and pupal stages in the intervening time. The environmental conditions present during sampling would not be suitable predictors of numbers of phorids attracted to ants. In other words, there would be a time lag in phorid population response to certain environmental conditions that existed between generations. The autocorrelation functions in the P. tricuspis time series analyses behaved like a damped sine wave, indicating an endogenous component in the population dynamics (Turchin 1990 ). However, as Berryman and Turchin (1997) warned, time series analysis should not be used as a test of hypotheses but instead be used as a means of identifying potential hypotheses that can be experimentally tested. If P.tricuspis population dynamics are driven by rainfall patterns and alate ßight events, this could be experimentally tested by artiÞcially irrigating large areas of Þre ant habitat after an extended dry period and leaving similar areas unirrigated as a control. Additionally, local patchiness in alate ßight events may also lead to aggregations of P. tricuspis in space. However, variance in P. tricuspis developmental rates may make it difÞcult to link P. tricuspis population dynamics to exogenous drivers or delayed density dependence (see also Turchin 1990, Hunter and Price 1998) .
Frequency Distributions, Sex Ratios, and Sample Size. Male to female sex ratios in Louisiana varied by locations but were roughly 2:1 overall. Calcaterra et al. (2005) found that P. tricuspis male-female sex ratios at Þre ant mounds at multiple locations in three regions of southern South America were also Ϸ2:1. Morrison and Porter (2005a) found male to female sex ratios of 2.65:1 in north-central Florida. It is known that sex ratios of Pseudacteon parasitoids that appear at disturbed colonies and along foraging trails are often male biased (Pesquero et al. 1993 , Wuellner and Saunders 2003 . Folgarait et al. (2007b) discovered that males arrived at disturbed mounds signiÞcantly sooner than females. Pesquero et al. (1993) found that many phorid males were attracted to alate swarms emanating from Þre ant colonies, presumably as an assembly cue to encounter female phorids. Males of P. tricuspis are often present at S. invicta mounds and appear to feign attacks on ant workers (Porter 1998 , Morrison 2000 . It is thought that this behavior elicits the production of alarm pheromones by S. invicta workers, potentially attracting P. tricuspis females to these ants and allowing males to copulate with these females (Porter 1998) .
Overall, P. tricuspis was collected from 52% of disturbed S. invicta mounds in the 2006 Louisiana surveys, with a similar pattern from surveys conducted during 2004 and 2005. In the study of Calcaterra et al. (2005) , 14 Pseudacteon species were collected at 51% of disturbed Þre ant mounds in South America. In our study, the percentage of disturbed mounds that attracted P. tricuspis tended to increase from spring through fall. The ßy count frequency distributions were highly skewed, with many counts of one to three ßies per mound. Furthermore, the variance was much larger than the mean in all ßy surveys, consistent with a negative binomial distribution. However, it is important to mention that the true spatial dispersion pattern of ßies is unknown. The count frequency distributions presented here merely reßects the count distribution of ßies attracted to disturbed Þre ant mounds and not the distribution of ßies in the environment. Given that P. tricuspis aggregates at disturbed Þre ant mounds, a negative binomial distribution was expected.
In contrast to Þndings reported by Puckett et al. (2007) , mechanically disturbing S. invicta mounds regularly attracted many P. tricuspis and is viewed as a reliable method of sampling P. tricuspis, at least in Louisiana. Extremely vigorous trauma was inßicted on S. invicta mounds in the Louisiana surveys, which probably enhanced attractiveness to P. tricuspis. The surveys conducted in Louisiana were very labor intensive but were necessary to determine broad spatial and temporal activity patterns. However, it should be noted that during the late summer and fall of 2005, Ͼ100 Ð200 ßies/mound were attracted to disturbed mounds at several locations (not those reported here) in southeastern Louisiana.
Findings in this study indicated that the following protocols should be followed when sampling P. tricuspis populations in Louisiana, should disturbing Þre ant mounds be the chosen method of attracting ßies. Sampling should be conducted during the late morning or early afternoon, during peak ßy activity, as long as temperatures are Ͼ20ЊC. However, extremely hot temperatures (Ͼ36ЊC, Henne et al. 2007) or rain may curtail ßy activity. In Louisiana, P. tricuspis population abundance can vary considerably throughout the year but consistently peak during the late summer and fall, predominantly October. Therefore, sampling should be conducted during the late summer and fall. At least 15 Þre ant mounds should be sampled to obtain an estimate of the true P. tricuspis population mean with a precision level of 25%. Because abundance of P. tricupsis can vary considerably at local spatial scales (see Henne and Johnson 2008) , it is recommended that samples be taken in several locations so that a representative portion of an area is sampled. In addition to providing essential information about P. tricuspis population ecology in Louisiana, results of this study will be useful in conservation, augmentation, sampling, and management of P. tricuspis and other species of introduced phorids. 
